of free choline in plasma were found by Bligh (4) to have a constant value of 1-2 X 10V5 M in dog, cat, and unanesthetized human. The concentration of free choline in plasma showed no variation following strenuous exercise or after ingestion of food (4). Injected choline was found to disappear rapidly from the circulation ((9) and unpublished observation)* In searching for an explanation for the rapid rate of disappearance of intravenously injected choline from the plasma, Bligh (5) studied the effects of removal of either the liver or the kidneys and then both liver and kidneys. He concluded that only the removal of both liver and kidneys significantly reduced the rate of disappearance of injected choline from the plasma. The mechanisms which maintain the very stable plasmafree choline have not been determined.
Recently, Gardiner and Paton (7) examined the regulation of plasma choline concentration in anesthetized cats. They described the plasma levels of choline after single injections of choline and also after constant infusions. In their study they did not assess quantitatively the contribution of the kidneys.
The present experiments were performed to describe the role of the kidneys in regulating the level of free choline in The incubation medium consisted by subtracting the rate of excretion by the control kidney of 10 mM Tris, at pH 9.5, 5.0 mM MgS04, and 0.1 mM from the rate of' excretion by the infused kidney and dividing unlabeled ATP. Each 0.050 ml of incubation medium this difference by the rate at which choline reached the also contained 2 pg of purified enzyme and 1 PC of [""PIinfused kidney. The infusion rate of choline was multiplied ATP. One or two microliters of plasma or urine, without by the percent of PAH being recovered simultaneously in the urine from the infused kidney.
This correction was introduced to compensate for the incomplete perfusion of functional renal tissue during intrarenal artery infusion.
Calculation of Renal Clearance in Infused and in Control Kidney During Intrarenal Artery Infusion
Infused kidney. The calculation of renal clearance of choline by the infused kidney was based on the known rate of infusion into the renal artery, the estimated renal plasma flow of 6.5 ml/kg per min (14), and the measured rate of choline excretion.
Choline clearance, ml/kg per min:
infused kidney = choline excretion (choline infusionl6.5) extraction, were added to 0*050 ml of the incubation medium in 0.4-ml microfuge tubes. Choline standards containing 10-200 pmoles were included in each assay. Triplicate samples of the biological fluids with and without added choline were analyzed.
Samples were incubated for 3 hr at 37 C and then placed in ice. At the end of incubation, unlabeled phosphorylcholine, 10 ~1 of a 0.045 M solution, was added to each tube. Aliquots of 50 ~1 of the incubation sample were then placed on the columns. Columns of 3 mm i. d. were prepared by adding 2 ml bed volume of Bio-Rad AG 1 -X8 (ZOO-400 mesh) previously equilibrated with 10 mM Tris at pH 11 containing IO mM MgSOB, 10 mM NaF, and 30 mM NaCl. In urine radioactivity was measured by adding 0.5 ml of urine to 10 ml of Bray's solution and counting this in a liquid scintillation spectrometer.
Analytical Procedures
Choline: enzymatic radiochemical microassay to determine choline in blood and ura'ne without extraction. (Table  1) . In unanesthetized chickens the plasma choline levels averaged 2.12 X 10m5 M. These values are similar to those found by Bligh (4) who used bioassay to determine the acetylcholine formed from plasma choline. He found 1.1 X 10Y5 M choline in dog plasma.
Renal Clearance of Choline ut Endogenous Levels in Dogs and Chickens
In three dogs the endogenous renal clearance of choline measured by the enzymatic radiochemical microassay averaged 0.02 ml/kg per min and the renal clearance in hens was 0.03 ml/kg per min (Table  1) . These values are for one kidney only, The glomerular filtration rate for one kidney is about 1 ml/kg per min for both species. Choline is freely filterable at the glomerulus, for it is not bound to plasma protein (1). These renal clearances of endogenous choline were only 1/30th-1/5Oth of the glomerular filtration rate. Therefore, the filtered choline was in large part reabsorbed by the renal tubules. Since choline is ionized at body pH, diffusion
should not play a role in the tubular reabsorption of choline. Active transport of this organic cation would seem to be the mechanism of the reabsorption of filtered choline.
Excretion of Choline During Inkurenal Infusion of Choline in the Dog
Exogenous choline was infused into a renal artery in dogs at stepwise, increasing rates while PAH and radiolabeled choline were simultaneously infused at a constant rate. Urine was collected from both kidneys during each infusion rate and plasma was sampled at the midpoint of the collection period. Choline was measured in urine by both the enzyme radiochemical microassay and the reineckate separation. The percent of choline excreted by the infused kidney, measured by these two methods, was plotted against the amount of choline actually reaching the infused kidney as indicated by the simultaneous extraction of PAH. Figure  1 represents this data from three dogs. To obtain a measure of tubular excretion from the infused kidney, the choline excreted by the uninfused kidney was subtracted from the amount excreted by the infused kidney in an attempt to correct for the recirculated choline that was being filtered at the glomeruli of both kidneys, and this was divided by the infusion rate of choline. At infusion rates above those for the choline transport maximum of the infused kidney, systemic plasma choline rises significantly and tubular excretion is induced in the control kidney. To subtract the control rate of tubular excretion from the excretion by the infused kidney now gives a falsely low value for the transport capacity at higher infusion loads of the infused kidney. Figure 1 shows that the percent excretion of choline by the tubules of the infused kidney rises with increasing infusion up to 1 .O X 10m6 moles/kg per min. Figure 1 compares the measurement of choline by two assay methods, the choline kinase radiochemical microassay and the reineckate separation.
In every case a greater amount of choline was found by the reineckate assay for any sample. This suggests that in the reineckate assay, metabolites of choline are precipitated along with choline itself. Earlier studies (1) revealed metabolites of choline in urine and it is possible that some of these precipitated with the choline reineckate fraction. The kinase assay is more specific for choline and hence gave a lower value. Selecting the data from the choline kinase assay to represent true choline excretion, a maximum percent excretion for choline transport was reached at choline loads of 1 X 10m6 mole/kg per min. At most, 30 % of the choline reaching the infused kidney was transported by the tubule. The reineckate procedure separated betaine from choline. The amount of 14C-labeled betaine excreted amounted to not more than 2 % of the infused choline. The amount of choline metabolites being formed cannot be assessed from their appearance in the urine, for it is known that betaine cannot be transported actively from blood to urine and, presumably, only a portion of that formed enters the urine. Endogenous plasma choline levels are usually between 1 and 2 X 10m5 M. Figure 3 demonstrates that during choline infusion into one renal artery the clearance of choline in the uninfused kidney is seen to rise as the systemic plasma concentration rises above 3 X 1OL5 M. The rise in plasma choline concentration in the systemic circulation reflects the excess choline in the general circulation that was not excreted during the first exposure to the infused kidney and which was not cleared from the circulation by mec:hanisms other than renal excretion.
The point at which net tubular secretion of choline begins cannot be exactly described from these experiments for there was no simultaneous inulin clearance. However at plasma levels of more than 10 X lop5 M (Fig. Z) , the renal clearance exceeds 1 ml/kg per min, a value which represents the glomerular filtration rate in the dog determined during inulin loading of the general circulation rather than the renal artery (14).
Renal artery infusion was used in these experiments because it was found that choline is cleared from the circulation very rapidly after intravenous administration. However, renal artery infusion can lead to nonhomogeneous perfusion of nephrons because of incomplete mixing of the infusion with the blood stream in the renal artery (6). We have attempted to partially compensate for this by making a correction for the extraction of PAH simultaneously infused. 
DISCUSSION
These results indicate that the kidney has a major role to play in the homeostatic regulation of the level of choline in the plasma.
The renal tubule can actively transport the cation choline (pK 13.5). The organic cation transport system, which is known to transport other cations from peritubular blood to lumen, was found to transport choline when exogenous loads were offered to the peritubular blood in chickens and dogs. This transport step operates on choline as would be expected except that renal enzymes also oxidize a portion of the choline to betaine during transport.
The betaine is not actively transported, so this event modifies the rate of translocation of choline. Thus, the rate of excretory transport of choline in the dog, as was previously described for the chicken ( 1 ) there was net reabsorption of filtered choline.
The excretion of choline is reduced by two mechanisms: I) the freely filterable choline was actively reabsorbed by the renal tubule, and 2) the choline brought to the renal tubule by the peritubular blood was metabolized to betaine and hence was not excreted. The renal clearance of choline was only 1/3Oth that of the glomerular filtration rate of choline. As the level of plasma choline was raised by exogenous infusion of choline, the clearance of choline rose progressively. Figure 3 shows that a doubling of the endogenous plasma choline levels resulted in an increase in choline renal clearance. This gives some indication of the sensitivity of the feedback regulation of tubular transport. Previous experiments in chickens (1) where choline was infused into the renal portal circulation gave almost identical results which were interpreted to mean that tubular excretion of choline began when the plasma choline in the peritubular blood was raised to 4 X 10M5 M. Further elevation of plasma choline demonstrated the attainment of a maximum excretion rate at a plasma level of 20 X 10m5 M. At this Tm level the choline clearance was about 1.7 ml/kg per min. This represented net tubular excretion, because the simultaneous GFR would be 1 .O ml/kg per min. These results suggest that the renal tubule has the capacity for bidirectional transport of choline (Fig. 6 ). When the plasma choline level is low the tubule can transport choline in the reabsorptive direction, and when the plasma choline level is high the tubule can transport choline in the direction of excretion. Vander (17) made interesting observations on the renal excretion of choline in dogs. He suggested that tubular
